We assess the performance of Tao-Mo semilocal exchange correlation (TM) functional [J. Tao and Y. Mo, Phys. Rev. Lett. 117, 073001 (2016)] using projector-augmented-wave method with the plane wave basis set in Vienna ab initio simulation package (VASP). The meta-GGA level semilocal functional TM is an all purpose exchange-correlation functional which performs accurately for the wide range of molecular and solid state properties. The exchange functional part of TM is designed from the density matrix expansion (DME) technique together with the slowly varying fourth order gradient expansion. The correlation functional of the corresponding exchange is based on TaoPerdew-Staroverov-Scuseria (TPSS) functional. We assess the performance of TM for solid state lattice constants, bulk moduli, band gaps, cohesive energies and magnetic moments of solids. It has been established that in plane wave basis the TM functional performs accurately in predicting all the solid state properties in semilocal level.
I. INTRODUCTION
The calculations of the electronic structure of molecules and solids are done mostly within the framework of Kohn-Sham (KS) density functional theory 1,2 . The accuracy of density functional theory (DFT) depends upon the accuracy of the exchange-correlation (XC) functionals which contain all the many electron effects. In principle the exact form of XC functional is unknown. Therefore, one need to approximate it from different physical perspective. The accuracy of the XC functionals are classified through the Jacob's ladder 3 , where each rung of the ladder adds an extra ingredients. The first three rungs of the Jacob's ladder are classified as local density approximation (LDA) 4 , the generalized gradient approximations (GGAs) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and metageneralized gradient approximations (meta-GGAs) [17] [18] [19] [20] [21] [22] [23] [24] . The LDA, GGAs and meta-GGAs utilize density, gradient of density and Kohn-Sham kinetic energy density as its main ingredient, therefore all are semilocal in nature. The XC functionals based on the semilocal quantities are very attractive because of low computational cost and high accuracy. The semilocal functionals are very accurate in describing several thermochemical properties [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , bond lengths 29 , equilibrium lattice constants [34] [35] [36] [37] [38] [39] [40] [41] , bulk modulus, cohesive energy [34] [35] [36] [37] [38] [39] [40] [41] and solid state surface properties [35] [36] [37] [38] [39] [40] [41] . Several accurate semilocal density functionals have been developed for last couple of decades from different new perspective. The semilocal functionals are developed from exchange hole 24 or by satisfying exact constraints 10, 23 . Functionals which are designed by satisfying exact constraints non-empirical in nature and very popular in quantum chemistry and solid state physics 10, 23, 24 . Beyond these classes of XC functionals highly empirical XC functionals 19 are also proposed by properly parameterize with a test set. Those functionals are very accurate in describing thermochemical properties 26 but not popular for solid state systems. Therefore, it is always interesting to test the robustness of a functional which is universal in nature i.e., useful both for quantum chemistry and solid state systems.
Recently, Tao-Mo (TM) 24 developed an accurate semilocal functional based on the density matrix expansion (DME). The slowly varying forth order gradient correction of exchange enhancement factor is introduced within DME by interpolating it with DME enhancement factor. The DME based enhancement factor is accurate for localized electron systems, whereas, slowly varying density correction is accurate for solid state systems. The correlation part TM functional has been derived from one electron self-interaction free Tao-Perdew-StaroverovScuseria (TPSS) functional 20 . The TM functional is very accurate in describing both the thermochemical 33 and solid state properties in semilocal level 37, 38 . TM functional is extensively tested in all electron code but has not been benchmarked in plane wave basis set. Due to its higher degree of accuracy for solid state properties it is always interesting to test the TM functional using plane wave basis set. Present paper assess the performance of TM functional using projector-augmentedwave (PAW) 42, 43 method with plane wave basis set in Vienna ab initio simulation package (VASP) [44] [45] [46] . For the benchmark calculation of TM functional we choose solid state lattice constants, bulk moduli, semiconductor band gaps, cohesive energies and magnetic moments of ferromagnetic materials. We compare the performance of TM functional against other popular semilocal functionals like local spin density approximation (LSDA) 4 , Perdew-Burke-Ernzerhof (PBE) 10 functional and its revised form for solid state system (PBEsol) 13 , meta-GGA level TPSS 20 , revTPSS 21 and recently proposed strongly constrained and appropriately normed (SCAN) 23 functional. It is shown that the performance of TM functional is very accurate in describing lattice constants, bulk moduli, cohesive energies and magnetic properties except band gap. In describing the band gap, SCAN meta-GGA performs in more satisfactory way. To put our comparison in a broader perspective we also in-clude Heyd-Scuseria-Ernzerhof (HSE) [47] [48] [49] [50] [51] hybrid functional for studying magnetic properties. Present paper is organized as follows. In the following we will discuss the details of the implementation of TM based semilocal functionals in VASP. Next we do the benchmark performance of the TM based functionals with other popular GGA and meta-GGA level semilocal functionals for lattice constants, bulk moduli, band gaps, cohesive energies and magnetic moments of ferromagnetic materials.
II. THEORETICAL BACKGROUND
The PAW 42,43 method was first proposed by Blöchl 42 and later it is adopted by Kresse and Joubert 43 . The PAW potential reserves both the computational efficiency and accuracy of ultrasoft pseudo-potential (UPP) 52 and all electron (full-)potential. The accuracy of PAW is same as the full potential linearized augmented plane wave (plus local potential) implemented in other codes 53 . In PAW method, any semilocal operator (i.e.,kinetic energy operator or density operator) is presented by plane wave (PW) expansion for valance region. The core region is presented by projecting it on the radial grid at the atom center. Therefore, the core region is well presented in this method and its accuracy is same as the all electron (AE) calculation. After doing all these the additional part is subtracted from the additive augmentation of core and valence. The general implementation of all the meta-GGA functional in VASP is based on the method proposed by Sun et. al. 41 . In this method the KS kinetic energy density also divided in core-valance region. We implemented the TM semilocal functional by locally modifying the meta-GGA routine implemented in VASP code. The self-consistence exchange-correlation potential computed for meta-GGA in VASP is based on generalized KS (gKS) framework. In gKS, the exchange-correlation potential for meta-GGA is defined as,
Therefore, in addition to the partial derivative of XC functional with respect to density and gradient of density, one need to perform the partial derivative with respect to KS kinetic energy density. Thus, for meta-GGA one need to calculate the partial derivative of XC functional with respect to density, gradient of density and KS kinetic energy density. In terms of enhancement factor the general formulation of the exchange functional in meta-GGA level is described as,
In the present case of TM functional the enhancement factor becomes,
which have the following semilocal form,
where 24 . In TM functional w is used as the weight factor between DME expansion and slowly varying density correction, which is the functional of meta-GGA ingredient z = τ W /τ (where τ W is the von Weizsäcker kinetic energy density). For the details of the mathematical expression and parameter related to the TM functional readers are suggested to go through the refs 24, 37 . It is noteworthy to mention that the discontinuity effect and convergence issue of the terms related to the z in TM functional is removed as it was suggested by Sun et. al. 41 . In meta-GGA subroutine of the VASP code we calculate analytically the terms related to the partial derivatives i.e., 20 correlation. TM modifies the correlation part to be used for slowly varying density correction. This leads to the two functional − TM-TPSS (which uses TM exchange plus TPSS correlation) and TM (which uses TM exchange plus modified TPSS correlation). Here we assess the performance of both TM-TPSS and TM for all our solid state calculations. The spin density scaling relation is used in the VASP implementation of TM functional. To test the accuracy of all the functionals under study we calculate mean (relative) error (ME/MRE), mean absolute (relative) error (MAE/MARE) and the standard deviation of the (relative) error (STDE/STDRE) which are defined as, ME =
, where Y i and y i are the calculated and experimental values respectively.
III. RESULTS AND DISCUSSIONS

A. Lattice constants
We first perform the benchmark calculations for equilibrium lattice constant of TM-TPSS and TM against TABLE I. Equilibrium lattice constant a0 (inÅ) of different solid structures. The mean error, mean absolute error, mean relative error, and mean absolute relative error are reported in the last row are determined with respect to the ZPAE uncorrected experimental values. All the experimental reference values are collected from ref. 37, 51 . The structures we consider here are A1 = face-centered cubic, A2 = diamond, A3 = body-centered cubic, B3 = zinc blende, and B1 = rock salt. 56 . The self-consistence calulation of meta-GGAs (TPSS, revTPSS, SCAN, TM-TPSS and TM) are performed starting from the converged wavefunction obtained in PBE calculations.
In Table- I, we list the benchmark calculations of TM-TPSS and TM with other semilocal functionals.
There we also calculate the mean (relative) error (ME/MRE), mean absolute (relative) error (MAE/MARE) and the standard deviation of the (relative) error (STDE/STDRE). We obtain the maximum MAE using PBE and local density approximate (LSDA) functional. The MAE of PBE and LSDA are obtained to be 0.078Å and 0.072Å respectively. LSDA has the tendency to underestimate the lattice constant while PBE overestimates the lattice constant. The reduction in MAE is observed using meta-GGA TPSS and revTPSS functionals. The TPSS functional performs slightly better than PBE while the revised version of TPSS (revTPSS) reduces the MAE significantly. Recently proposed SCAN meta-GGA by Sun et. al. 23 gives the same MAE as obtain from the PBEsol GGA functional. Interestingly, the lowest MAE is obtained from TM functional (with MAE 0.038Å ). The unmodified TABLE IV. Cohesive energies of 9 solids in eV/atom using different functionals at static-lattice constant are shown. The experimental reference values are taken from ref. 41 . The structures consider here are the same as it is given in Table- TPSS correction coupled with TM exchange produce the equivalent MAE as obtain from PBEsol and SCAN. It is noteworthy to mention that the experimental lattice constants we consider hare not corrected for zero point anharmonic expansion (ZPAE) and all the experimental lattice constant are taken from ref. 37, 51 . The results we obtain here using the TM-TPSS and TM can be compared to the all electron calculation performed using Gaussian09 58 which is given in ref. 37 . In ref.
37 the lowest mean absolute error is also reported using TM.
B. Bulk moduli
The bulk modulus is defined as the change in the volume of the crystalline structures upon acting the pressure. In terms of total energy of the cell E, the bulk modulus is expressed as K = V ∂ 2 E ∂V 2 . In density functional theory the bulk modulus is calculated at the equilibrium lattice constant a 0 by scanning over the range of lattice constant (or volume). Several equation of states (EOS) 57 are available to fit the energy versus volume curve to obtain the bulk modulus. In our present case we used the post-processing code VASPKIT 54 to fit and obtain the bulk modulus of all the crystalline solids we compared here. The E vs V output from VASP is used as an input of VASPKIT. The VASPKIT is very well established post-processing code which is used to obtain several post-processing calculations 54 . In VASPKIT, Murnaghan equation of states 57 is used for the fitting. The test set we use here and the performance of all the corresponding functionals are listed in Table- II. For few selected solids we collect the values of LSDA, PBE, PBEsol, TPSS, revTPSS from ref. 41 . For all other functionals and solids the calculation is performed using the same k points meshes as mentioned in subsection-A.
From the results reported in Table- II it is indicative that the performance of TM-TPSS is best compared to all other functionals. The MAE of TM-TPSS even better than SCAN functionals with MAE 7.195 GPa compared to MAE 7.785 GaP obtain from SCAN. The performance of SCAN, PBEsol and TPSS almost equivalent. It is also indicative that TM-TPSS performs better than TM functional though the performance of TM is better than TM-TPSS in predicting lattice constant. The maximum MAE is obtained from LSDA funcional. The performance of PBE is better than LSDA. The results we obtain using the TM functional are also very close to that obtain using G09 all electron calculation reported by Mo et. al 37 .
C. Band gaps
The band gap calculation using semilocal functional is fraught with difficulties due to the absence of inherent non-locality and many electron self-interaction (MESI) 27 . The hybrid functional proposed using semilocal exchange hole are very popular in predicting the band gap for semiconductor materials accurately [47] [48] [49] [50] [51] . It has been observed that the meta-GGA functional implemented in generalized KS formalism give more realistic band gap than GGA functionals 59 . Therefore, the improvement in band gap is observed using meta-GGA type semilocal functionals compared to LSDA and GGA functionals. Here, we assess the performance of TM-TPSS and TM for 37 semiconductors at their equilibrium lattice constant (reported in Table-I) of each functionals.
From Table- III, it is evident that all the density functionals underestimate the band gap of all semiconductor which is obvious due to the absence of non-locality and MESI. Interestingly, using SCAN meta-GGA we obtain more realistic band gap within all semilocal functionals. TPSS, revTPSS, TM-TPSS and TM perform equivalently in predicting band gaps. It is indicative from the obtained results of the SCAN, TM-TPSS and TM that the SCAN functional outperformed the TM based functionals almost in every cases. Interestingly, for Ge, InAs and InSb which are the difficult cases within semilocal formalism, SCAN, TM-TPSS and TM perform extremely well and predict non-zero band gap except only one for InAs. For Ge and InSb TM functional have non-zero band gap, whereas, for Ge both SCAN and TM based functionals predict non-zero values. Also, in all these cases the TM functional performs better than SCAN functional. This is actually a most attractive feature of TM based functional than other semilocal functionals.
D. Cohesive energies
Cohesive energy is equivalent to the molecular atomization in the case of crystalline solids. It is defined as the energy difference of the solid from its neutral from as an atom. Finally the cohesive energy (in eV) per atom is obtain by dividing the energy difference of the atoms in the unit cell. Here, we consider a set of 9 crystalline solids to perform the benchmark calculations of all the functionals. Among all the functionals under consideration TM-TPSS is accurate with MAE of 0.041 eV/atom. In this case TM-TPSS is more accurate than TM functional. From Table-IV, we observed that the performance of TM-TPSS and TM are accurate compared to all other GGA and meta-GGA based functionals with MAE 0.041 eV/atom and 0.053 eV/atom respectively. It is also noteworthy that TM has tendency to overestimate the cohesive energy for all the crystalline solids considered here, whereas, TM-TPSS overestimates the cohesive energies for few cases and underestimate for few cases. Overall, TM-TPSS performs accurately in predicting cohesive energy of all the solids.
E. Magnetic properties
Studying strongly correlated systems within semilocal density functional is quite difficult because of the different levels of interaction of d and f blocks. In Table- V we calculate the magnetic moments and lattice constant of ferromagnetic Fe, Ni and Co. Here the results of all the semilocal functionals are also compared with the range separated hybrid functional HSE06. All magnetic moments are calculated by optimizing the structure with the corresponding semilocal functionals.
The results presented in Table-V show that for Fe all the semilocal functional predicts the lattice constant quite appropriately. In the case of magnetic moment, all the functionals are accurate except LSDA and SCAN functional. For LSDA the underestimation of magnetic moment is observed. While SCAN overestimates the magnetic moment. In this case, both TM-TPSS and TM predict the magnetic moment accurately . In the case of Co, PBE is better than all other semilocal functional in predicting the lattice constant. LSDA underestimate magnetic moment of Co, while SCAN is close to the experimental values. All other semilocal functional perform equivalently in predicting magnetic moment. In case of Ni, both the lattice constant and magnetic moment are obtained accurately within all the semilocal functionals. Now we come to the discussion of range separated hybrid HSE06 in predicting all properties. HSE06 predicts accurately various properties but computationally very expensive. In this case, HSE06 accurately predict lattice constant for all the solids but overestimate the magnetic moments due to the inclusion of too much HF exchange. This drawback has been discussed by Paier et. al. 49 .
IV. CONCLUSIONS
We assess the performance of TM functional in projector-augmented-wave method with plane wave basis set for solid state band gaps, bulk moduli, cohesive energies and magnetic properties. It has been shown that the performance of TM-TPSS and TM are quite accurate within the popular semilocal functionals in predicting all the properties except semiconductor band gaps. In that case SCAN meta-GGA performs better than TM. The TM-TPSS functional is accurate for bulk moduli and cohesive energies, whereas, TM is accurate in predicting lattice constants. For the band gap the performance of TM-TPSS is second best after SCAN. In particular, TM-TPSS and TM predict non-zero band gap for several semiconductor for which LSDA, PBE, PBEsol, TPSS and revTPSS predict metallic. Lastly we conclude that the TM functional can be used with confidence using plane wave basis in predicting all the solid state properties accurately over the GGA and meta-GGA functionals.
